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The carboxy terminus of the colonic H+,K+-ATPase a-subunit
is required for stable b subunit assembly and function.
Background. The present experiments were designed to
study the importance of the carboxy-terminus of colonic
H+,K+-ATPase a-subunit (HKa2), for both function as well
as integrity of assembly with b1-Na
+,K+-ATPase.
Methods. For this purpose, a mutation of 84 amino acids in
the carboxy-terminus was created (HKa2) and HEK-293 cells
were used as expression systems for functional studies using
86Rb+-uptake, coimmunoprecipitation using specific antibodies
and fluorescence microscopy using green fluorescent protein.
Results. The results demonstrate that comparable levels of
expression of HKa2 and HKa2 mRNA were observed when
cells were cotransfected with b1 subunit. However, the abun-
dance of expression of full length HKa2 protein exceeded that of
the truncated protein HKa2. Ouabain-sensitive 86Rb
+-uptake
was present only in cells cotransfected with HKa2/b1, indicat-
ing that the mutation was incapable of sustaining functionality.
Coimmunoprecipitation experiments demonstrated that HKa2
protein was immunoprecipitated more abundantly thanHKa2
when coexpressed with b1. The use of sucrose gradients and
green fluorescence protein immunofluorescence demonstrated
that while the HKa2/b1 complex was confined to the endo-
plasmic reticulum, the HKa2/b1 complex translocated to the
plasma membrane.
Conclusion. Taken together, our results are consistent with
the view that the carboxy-terminus of HKa2 facilitates the
proper folding of the HKa2/b1 complex allowing translocation
of the heterodimer to the plasma membrane where potassium
uptake occurs. Otherwise, the a/b complex is destined for degra-
dation.
The colonic H+,K+-ATPase a-subunit (HKa2) shares
properties with the a1-Na+,K+-ATPase. Both subunits
are 75% identical at the amino acid level, partially sensi-
tive to ouabain in rodents, totally insensitive to Sch-28080
[1], can exchange Na+ for K+ [2–5], and assemble with
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b1-Na+,K+-ATPase [6, 7]. Nevertheless, the Na+,K+-
ATPase is localized to the basolateral membrane [8]
and the colonic H+,K+-ATPase to the apical membrane
[9].
In a recent study, Beguin et al [10] injected oocytes
from Xenopus laevis with Bufo marinus cRNA for a1-
Na+,K+-ATPase that extended from the amino-terminus
to transmembrane region 8 (T8). The experiment was
performed in the presence and absence of B. marinus
cRNA for b1-Na+,K+-ATPase. Although the extracellu-
lar fragment of a1-Na+,K+-ATPase that extends between
T7 and T8 (which contains the b-subunit binding site) was
left intact, the quantity of a1-Na+,K+-ATPase that im-
munoprecipitated with an anti-a1-Na+,K+-ATPase spe-
cific antibody, was not substantially different whether
a1-Na+,K+-ATPase was expressed alone or in the pres-
ence of b1-Na+,K+-ATPase. Injection of full length
a1-Na+, K+-ATPase cRNA increased the abundance of
synthesized a1-Na+, K+-ATPase protein as observed by
immunoprecipitation. This increase in abundance was not
dependent on the presence or absence of b1-Na+, K+-
ATPase.
The experiments by Beguin et al [10] contrast with ob-
servations made previously by our laboratory [abstract;
Codina J, FASEB J 16:A1191, 2002]. We added c-myc-
epitope to the amino-terminus of HKa2 and injected
oocytes from X. laevis with c-myc-HKa2 cRNA alone
or c-myc-HKa2 plus b1-Na+,K+-ATPase cRNA. In our
studies, coinjection of cRNA with the b-subunit dramat-
ically increased the abundance of coimmunoprecipitated
a-subunit, suggesting that the carboxy-terminus of HKa2
may posses unique properties that may not be shared
with a1-Na+,K+-ATPase. This view has been supported
by the findings of Or, Goldshleger, and Karlish [11]. In
this study, these investigators found using chemical cross
linkers, that Cys964 located in the transmembrane region
9 (T9) of a1-Na+,K+-ATPase formed a bond with Cys983
located in transmembrane region 10 (T10). It may be sig-
nificant that cysteine homologous to Cys964 and Cys983
of a1-Na+,K+-ATPase are not represented in the HKa2
sequence.
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Several studies have demonstrated a central role for
the carboxy-terminus of renal transporters. Blanco et al
[12] demonstrated that the a1-Na+,K+-ATPase forms
dimers with different a-subunits of the Na+-pump when
expressed in Sf9 cells. This dimer formation was highly
specific and association was not detected with the a-
subunit of the gastric H+,K+-ATPase. Dimer forma-
tion was also observed in membrane preparations from
rat brain, demonstrating that dimerization could be of
physiologic significance. Dimerization was dependent on
the presence of the carboxy-terminus of a1-Na+,K+-
ATPase [12], although the sizeable intracellular loop
of a1-Na+,K+-ATPase was required [13]. The experi-
ments described above suggest that the carboxy-terminus
of the X+,K+-ATPase should be important for func-
tionality. However, there are studies that suggest that
the carboxy-terminus might be relatively irrelevant even
with considerable modification. For example, Kristensen,
Birkelund, and Jorgensen [14] added the enhanced
green fluorescent tag to the carboxy-terminus of a1-
Na+,K+-ATPase and the chimera displayed the expected
pharmacologic properties and the expected cell surface
localization. Specific function of the carboxy-terminus
of the X+,K+-ATPase a-subunits was demonstrated by
Geering et al [15]. These researchers, using controlled
proteolysis and resistance to detergents as assays, found
that the carboxy-terminus of the human ATP1AL1 could
replace the carboxy-terminus of human a1-Na+,K+-
ATPase. However the carboxy-terminus of the human
a1-Na+,K+-ATPase could not replace the carboxy termi-
nus of ATP1AL1.
Very little is known about the physiologic significance
of the carboxy-terminus of HKa2. The only example is
the HKa2 null mutant mouse model created by Mene-
ton et al [16]. This model predicts that HKa2 protein
will be truncated at the exon 20 and will truncate the
last 84 amino acids, which will be replace by a nonrele-
vant sequence. The findings of Meneton et al with this
model have demonstrated significant difficulties in main-
taining systemic potassium balance, but only when −/−
mice are subjected to chronic dietary potassium deple-
tion. Therefore, although this knockout model suggests
that the carboxy terminus plays a critical role in HKa2
function, the molecular basis of the phenotype has not
been elucidated fully to date. Moreover, the findings of
Meneton et al [16] raise the question of whether −/− mice
may have maintained a low level of H+,K+-ATPase func-
tion that only emerged as physiologically important after
significant stress such as chronic dietary potassium de-
privation. Therefore, low level, but persistent transport,
if present, raises the question of the significance of the
carboxy-terminus in transport function.
As a first step in evaluating the role of the carboxy ter-
minus, our laboratory created an 84 amino acid carboxy-
terminus mutation from HKa2 (HKa2), which left
NH2 COOH
Fig. 1. Schematic representation of colonic H+,K+-ATPase a-subunit
(HKa2) and an 84 amino acid carboxy-terminus mutation from HKa2
(∆Ka2). The amino and carboxy-termini are cytosolic. The amino acids
mutated for creation of HKa2 are represented by a dashed line. The
predicted b-subunit binding site is represented by the thick line.
intact the b-subunit binding site [17] (extracellular do-
main that extends between T7 and T8) and recapitulates
the knockout mouse of Meneton et al [16]. This model
was used to define 86Rb+-uptake and cell surface expres-
sion of HKa2/b1 and HKa2/b1 in transiently transfected
HEK-293 cells [catalog number (CRL-1573; American
Type Culture Collection, Manassas, VA, USA)].
METHODS
Cloning of HKa2, ∆HKa2, and b1-Na+,K+-ATPase
subunits into pcDNA
To clone the complete cDNA of HKa2 into
pcDNA3.1(+)-Neo (catalogue number V790-20) (In-
vitrogen, Carlsbad, CA, USA), we digested HKa2 in
pAGA#2 [1] with XbaI overnight at 37◦C followed by a
partial digestion with EcoRI. The digested DNA was sep-
arated on an agarose gel (1%) and the band of interest
(3822 bp) was purified and ligated into pcDNA3.1(+)-
Neo linearized with EcoRI/XbaI and dephosphorylated
with alkaline phosphatase. To remove the carboxy-
terminus of HKa2, the 2900 bp EcoRI fragment of HKa2
in pAGA#2 [1], which extends from base –41 to +2859,
was cloned into the EcoRI site of pcDNA3.1(+)-Neo.
This manipulation creates an HKa2 subunit (HKa2)
in which the last 84 amino acids are mutated. In the
predicted protein, the extracellular b-subunit binding
site remained intact. The carboxy-terminus is cytosolic
and missing the last two transmembrane regions (Fig. 1)
(Table 1). Similar strategies were performed to trans-
fer c-myc-HKa2 (construct in which the c-myc epitope
was added at the amino terminus of HKa2) and c-myc-
HKa2 (construct in which the c-myc epitope was added
to the amino-terminus of HKa2) from pAGA#2 to
pcDNA3.1(+)-Neo. Clone of b1-Na+,K+-ATPase into
pcDNA3.1(+)-Zeo (catalogue number V870-20) (Invit-
rogen) was performed by digesting b1-Na+,K+-ATPase
in pAGA#2 with EcoRI/XbaI and cloning the insert into
EcoRI/XbaI sites of pcDNA. These manipulations al-
lowed transfer to pcDNA3.1(+) the complete open read-
ing frame of the different subunits and, also allowed the
transfer of the Kozak consensus sequence from pAGA#2
[18, 19]. The correct insertion of HKa2, HKa2, and b1-
Na+,K+-ATPase in pcDNA3.1(+)-Neo was confirmed by
direct DNA sequencing.
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Table 1. Amino acid alignment of the carboxy-terminus of HKa2 and HKa2 in pcDNA3.1(+)-Neo
951 1000
HKa2(+) TRRNSIFQQG LFRNKVIWVG IASQVIVALI LSYGLGSVPA LSFTMLRVQY
HKa2(Λ) TRRNSNSADI QHSGGRSSLE GPFKPADQPR LCLLVASHLL FAPPPCLPa
1001 1036
HKa2(+) WFVAVPHAIL IWVYDEMRKL FIRLYPGSWW DKNMYYa
Abbreviations are: (+), carboxy-terminus of HKa2 in pcDNA3.1(+)-Neo; (Λ), carboxy-terminus sequence HKa2 in pcDNA3.1(+)-Neo.
The number at the beginning and at the end of each line corresponds to the amino acid sequence number. The bold amino acids correspond to the amino acids added
to the carboxy-terminus of HKa2 when it was cloned in pcDNA3.1(+)-Neo. The underlined sequences represent the predicted transmembrane regions 9 and 10 of
HKa2.
aStop codon.
Site-directed mutagenesis
HKa2 described above consists of 2900 bp and is
missing the last 252 bp of the coding sequence of HKa2
plus 675 bp of the 3′-end noncoding region. To make cer-
tain that the results observed in our studies could not
be ascribed to differences in stability between HKa2 and
HKa2 mRNA, or that addition of nonrelevant amino
acids to the carboxy-terminus of HKa2 impaired the ac-
tivity of HKa2, we mutated S955 (TCC) to a stop codon
(TAA). This cDNA (SPHKa2) encoded for the same
protein as HKa2 (but does not contain the nonrelevant
amino acids), and the sequence was the same as HKa2,
except for 2 bp over 3783 bp.
To generate the mutation S955 to a stop codon, we
synthesized a forward oligonucleotide (5′-CGGAGGA
ATTCCTAATTTCAGCAGGGGCTCTTCAGAA-3′)
that contained one EcoRI site (GAATTC) and one stop
codon (TAA, underlined). We synthesized also a reverse
oligonucleotide (5′-ACGTTCTAGAGGTACCCGGCC
CCCCCTC-3′) that contained one XbaI site (TCTAGA).
A 936 bp fragment was amplified by polymerase chain
reaction (PCR) using cDNA made from rat distal
colon total RNA. The PRC product was digested with
EcoRI/XbaI and cloned into the same restriction sites
of pcDNA3.1(+)-Neo (construct “A”). The accuracy of
construct “A” was verified by automatic double-stranded
DNA sequencing. The final construct (SPHKa2) was
generated by adding the 2900 pb EcoRI fragment of
HKa2 to the EcoRI site of construct “A.”
Cell culture and transient transfections
HEK-293 cells were grown in the presence of Dul-
becco’s modified Eagle’s medium (DMEM) (catalogue
number 12100-046) (Invitrogen) containing newborn calf
serum (10%) (catalogue number 16010-167) (Invitro-
gen), supplemented with penicillin (10 U/mL) and strep-
tomycin (10 lg/mL) (catalogue number P-0906) (Sigma,
St. Louis, MO, USA) and adjusted to pH = 7.4 by
addition of NaHCO3 (7.5%), as described previously
by our laboratory [20, 21]. Cells were grown to 80%
to 90% confluency at 37◦C in a humidified environ-
ment in 24-well dishes (catalogue number 50628) (Nalge
Nunc, Naperville, IL, USA). Transfections were per-
formed using the Lipofectamine PLUS system (catalogue
number10964-013) (Invitrogen) and cells were grown to
80% to 90% confluency. Transfection was accomplished
by mixing circular plasmid DNA (0.3 lg) with 1.5 lL
PLUS and 57.5 lL serum-free medium. The mixture was
incubated for 15 minutes at room temperature and added
to 380 lL serum-free medium containing Lipofectamine
(2.2 lL). The final mixture was added to HEK-293 cells
and incubated for 3 hours at 37◦C. Complete medium
(1 mL) was added and incubated for 24 hours at 37◦C
in a humidified environment containing 5% CO2. The
medium was changed and 2 days later the experiments
were performed. 86Rb+-uptake experiments were per-
formed as described previously by our laboratory [20].
86Rb+-uptake experiments in HEK-293 cells
HEK-293 cells were grown to confluency at 37◦C in
a humidified environment in 24-well dishes. Before the
assay the cells were washed four times (1.5 mL/each)
with buffer A (145 mmol/L NaCl, 1 mmol/L KCl, 1.2
mmol/L MgSO4, 2 mmol/L Na2HPO4, 1 mmol/L CaCl2,
200 lmol/L bumetamide, and 32 mmol/L HEPES, pH =
7.4) at 37◦C and then equilibrated for 15 minutes with the
same buffer. The buffer was removed and replaced with
fresh buffer A containing ouabain at different concentra-
tions (see figure legends). After 15 minutes, the solution
was aspirated and replaced by 250 lL of the correspond-
ing solution containing 86Rb+ (3 to 8 × 106 cpm). The re-
action was allowed to proceed for 15 minutes at 37◦C. The
buffer was aspirated and washed five times with 1.5 mL
of buffer B (100 mmol/L MgCl2 and 10 mmol/L HEPES,
pH = 7.4) at 4◦C. Cells were dissolved by addition of 400
lL buffer C [0.1 mol/L NaOH and 2% sodium dodecyl
sulfate (SDS)] at 65◦C for 30 minutes. Resuspended cells
(200 lL) were used to determine 86Rb+-uptake and pro-
tein concentration [22].
Total cell lysate for immunoblot assay
Cells from a 10 cm dish were scraped and washed
three times with 10 mL phosphate-buffered saline (PBS).
The pellet was resuspended in 1% SDS. The insoluble
material was removed by centrifugation at room tem-
perature for 10 minutes at 14,000 rpm. The protein
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concentration in the supernatant was measured [22]. The
proteins (100 lg) were resolved on a SDS-polyacrylamide
gel electrophoresis (PAGE) and immunoblots were per-
formed as described previously in our laboratory [23].
Membrane preparation
HEK-293 cells were scraped and rinsed two times with
15 mL PBS at 4◦C. The cells were resuspended in 4 mL
buffer [0.5 mmol/L MgCl2, 10 mmol/L Tri sHCl, pH =
8.0, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF),
3 mmol/L benzamidine, and 1 lg/mL soybean trypsin in-
hibitor] [24] at 4◦C. Homogenization was accomplished
with 25 strokes with a Dounce homogenizer (pestle B).
This was followed by addition of 4 mL of the same buffer
but without MgCl2 and containing 50% sucrose (wt/wt).
The cells were homogenized again with 25 strokes with a
Dounce homogenizer (pestle B). The sample was applied
on the top of a 45% (wt/wt) sucrose cushion in buffer A
without MgCl2. The sample was centrifuged for 45 min-
utes at 4◦C at 200,000 × g. The interphase between 45%
and 25% sucrose was collected, diluted with 30 mL of ho-
mogenization buffer without MgCl2, and the membranes
were collected by centrifugation at 20,000 × g for 30 min-
utes at 4◦C. The pellet was resuspended and the protein
concentration was measured using the method of Lowry
et al [22].
Synthesis of recombinant proteins using rabbit retic-
ulocyte. Either HKa2 or HKa2 in pcDNA (1 lg
each) were used to synthesize [35S]-methionine-HKa2
and HKa2 in a rabbit reticulocyte system (catalogue
number L-4610) (Promega, Madison, WI, USA) follow-
ing the instructions of the manufacturer. The only ex-
ception was that unlabeled methionine (50 lmol/L) was
added to facilitate the synthesis of proteins of large
molecular weight, as described by our laboratory [19].
Subcellular localization of HKa2/b1 and ∆HKa2/b1
Discontinuous sucrose gradients [25] were used to
demarcate subcellular localization of HKa2/b1 and
HKa2/b1. Five dishes of HEK-293 cells were transiently
transfected with HKa2 plus b1 or HKa2 plus b1. Three
days later the cells were scraped, washed with PBS at 4◦C,
and lysed with a Dounce homogenizer in the presence
of homogenization buffer [3 mmol/L imidazole, pH =
7.4, 1 mmol/L sodium ethylenediaminetetraacetic acid
(EDTA), 1 mmol/L PMSF, 3 mmol/L benzamidine, 1 lg/
mL soybean trypsin inhibitor, and 250 mmol/L sucrose].
The sample was brought to 1.4 mol/L in sucrose by ad-
dition of sucrose powder and applied to a discontinuous
sucrose gradient. We applied 2.1 mL 2 mol/L sucrose to
the bottom of an ultracentrifuge tube (catalogue num-
ber 326823) (Beckman, Palo Alto, CA, USA) in homoge-
nization buffer. The second layer was made using 4.2 mL
1.6 mol/L sucrose. We then applied our cell lysate in a
volume of 6 mL containing 1.4 mol/L sucrose. The next
layer was made with 12.7 mL 1.2 mol/L sucrose, and the
top layer was made with 8.5 mL 0.8 mol/L sucrose. The
samples were centrifuged for 2 hours at 25,000 rpm with
a SW28 rotor. Fractions were taken from the sucrose
interphase by puncturing the centrifuge tube with one
18.5 G needle. The sucrose was diluted fivefold by addi-
tion of homogenization buffer without sucrose and cen-
trifuged at 19,000 rpm at 4◦C for 45 minutes using a SS34
rotor. The membranes were resuspended in 50 to 100 lL
of homogenization buffer in the absence of sucrose, and
protein concentration was determined using the method
of Lowry et al [22]. Membranes (50 lg) were applied to
each lane to quantify HKa2 or HKa2 proteins by im-
munoblot analysis using our polyclonal antibody against
HKa2 [23]. Fraction 1 represents the sample from the top
of the gradient, fraction 2, the protein accumulated in the
interphase between 0.8 and1.2 mol/L sucrose, fraction 3,
the interphase between 1.2 and 1.4 mol/L sucrose, frac-
tion 4 is the interphase between 1.4 and 1.6 mol/L sucrose,
fraction 5 is the interphase between 1.6 and 2 mol/L su-
crose, and fraction 6 corresponds to the bottom of the
centrifuge tube containing 2 mol/L sucrose. To help visu-
alize the sucrose interphases after centrifugation, marks
were made to the exterior wall of the centrifuge tube with
a Sharpie.
Cloning of HKa2 plasmid (p)EGFP-2C vector
The pAGA#2 vector containing the complete cDNA
for HKa2 was digested overnight with XhoI plus PvuI,
followed by partial digestion with EcoRI. The insert
(3821 bp) was cloned into EcoRI/SalI of the vector
pEGFP-2C (catalogue number 6083-1) (Clontech, Palo
Alto, CA, USA). This construct allowed generation of
transient transfections of HKa2 fused to fluorescent
green protein at the amino-terminus (EGFP-HKa2).
Cloning of ∆HKa2 in pEGFP-2C vector
The HKa2 insert was isolated from pcDNA3.1(+)-
Neo with EcoRI and cloned into the same restriction site
of pEGFP-2C. This construct (EGFP-HKa2) allowed
generation of transient transfections with HKa2 that
contained fluorescent green protein fused at the amino-
terminus. The nucleotide sequence at the transition be-
tween pEGFP-2C and HKa2 and HKa2 is displayed in
Table 2.
Fluorescence microscopy
HEK-293 cells were cotransfected with EGFP-HKa2
plus b1; or EGFP-HKa2 plus b1 following the protocol
described above. Two days later the cells were washed
once with 5 mL of PBS (10 mmol/L sodium-phosphate,
pH = 7.4, containing 150 mmol/L NaCl), incubated for
15 minutes with 2 mL paraformaldehyde solution
(0.1 mol/L potassium-phosphate, 4% paraformaldehyde,
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Table 2. Nucleotide sequence at the transition between HKa2 with green fluorescent protein cloned in frame at the amino-terminus (pEGFP-C2)
and colonic H+,K+-ATPase a-subunit (HKa2) or an 84 amino acid carboxy-terminus mutation from HKa2 (HKa2)
5′-agc tca agc ttc gAA TTC GTT TTT ATT TTT AAT TTT CTT TCA AAT ACT TCC ACC ATG CGC CGG-3′
The minor case symbols correspond to sequence of the plasmid pEGFP-2C. The major case symbols are sequences from pAGA#2 that were transferred at the
amino-terminus of HKa2 or HKa2 when they were cloned into pEGFP-2C. The underlined symbols correspond to the first three codons of HKa2 and HKa2. The
nucleotides were separated in sets of three to display the reading frame.
11% sucrose, pH = 7.2) and washed twice with 5 mL PBS.
One drop of mounting media (10% 0.5 mol/L sodium-
phosphate, pH = 8.0, 90% glycerol, and 2% n-propyl gal-
late) was added and the cells covered with a cover slip
(catalogue number 12-542-B) (Fisher).
Fluorescence microscopy was performed on a Zeiss
LSM 510 microscope, and images were collected at 8 bit
resolution using a 63 × 1.4 n.a. objective.
RESULTS
86Rb+-uptake by HEK-293 transiently transfected
with different subunits
Preliminary experiments (data not shown) demon-
strated that 86Rb+-uptake in HEK-293 cells was par-
tially inhibited by ouabain concentrations as low as 10
nmol/L, and inhibition was complete at 1 lmol/L (IC50 ∼
0.16 lmol/L). In order to test HKa2 functionality, HEK-
293 cells in culture were transfected transiently with
pcDNA alone, pcDNA plus b1 in pcDNA, pcDNA plus
HKa2 in pcDNA, pcDNA plus HKa2 in pcDNA, HKa2
plus b1 in pcDNA or HKa2 plus b1 in pcDNA. 86Rb+-
uptake was performed 3 days later in the presence of low
concentrations of ouabain (10 lmol/L). With this con-
centration, ouabain blocked the endogenous Na+,K+-
ATPase but did not block the activity of HKa2 [1, 24, 26].
Figure 2 shows that transfection with HKa2/b1 (both
inserts in pcDNA) (right set of bars) did not increase
86Rb+-uptake compared to the control groups (bar sets
1 to 4). As expected, transient cotransfection of HKa2 in
pcDNA plus b1-Na+,K+-ATPase in pcDNA produced a
dramatic increase in 86Rb+-uptake (bar set 5), which is
blocked by ouabain (2 mmol/L).
mRNA and protein expression by HEK-293 transiently
transfected with different subunits
The results displayed in Figure 3 demonstrated that the
level of expression of HKa2 and HKa2 mRNA in cells
cotransfected with HKa2 in pcDNA plus b1 in pcDNA
or HKa2 in pcDNA plus b1 in pcDNA were similar
(left panel, compare lanes 2 and 3). Furthermore, the
level of expression of b1 mRNA was similar regardless of
whether the cells were transfected with HKa2 in pcDNA
or HKa2 in pcDNA (right panel, compare lanes 2 and
3).
However, immunoblot analysis performed with to-
tal cell lysate (Fig. 4, left panel) or plasma membranes
(Fig. 4, right panel) demonstrate that HKa2 protein was
expressed at a higher level than HKa2 when coex-
pressed with b1. The right panel also demonstrates a sig-
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Fig. 2. The carboxy-terminus of colonic H+,K+-ATPase a-subunit
(HKa2) is required to support 86Rb
+-uptake. The experiment was per-
formed as described in the Methods section, and in the presence of
10 lmol/L ouabain to block the endogenous Na+-pump of the HEK-
293 cells () or in the presence of 2 mmol/L ouabain (). The plasmids
used in each transfection are indicated under the bars. The results on the
ordinate are displayed as mean values for 86Rb+-uptake (pmol/mg/min)
± SEM. The experiment was performed twice with similar results.
nificantly greater abundance of HKa2 protein when cells
were cotransfected with b1 compared to cells transfected
with HKa2 alone. This increase was not observed when
HKa2 was co-transfected with b1.
To determine if the difference in protein mobility de-
tected by immunoblot analysis in HEK-293 cells trans-
fected with HKa2/b1 vs. HKa2/b1 observed in Figure 4
could be explained by a decrease in protein synthesis
when the carboxy-terminus was replaced by a nonrele-
vant sequence, we performed the experiment displayed
in Figure 5. HKa2 and HKa2 were synthesized using
a rabbit reticulocyte lysate system (catalogue number
L-4610) (Promega) in the presence of [35S]-methionine.
This system was used because it contains all factors re-
quired for protein synthesis in a eukaryotic system, and
is a system that the proteins are synthesized, accumu-
lated, and not degraded if not folded properly. The re-
sults, displayed in Figure 5, showed no difference in the
efficiency of synthesis of both proteins. Therefore, these
results demonstrate that eukaryotic cells transcribed and
translated both cDNA’s with similar efficiency.
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PAGE), transferred to a nitrocellulose membrane, and probed with an
anti-HKa2 antibody (dilution 1:500) (left panel). Membrane proteins
(100 lg) were separated on a 10% SDS-PAGE, transferred to a nitro-
cellulose membrane, and blotted with an anti-HKa2 antibody (dilution
1:1000) (right panel). The secondary antibody was concentrated two-
fold when the experiments were performed using total lysate. NS is
nonspecific band. The experiments were repeated three times.
Nonrelevant amino acids at the carboxy-terminus
of ∆HKa2 are not responsible for loss of activity
In all the experiments described above, HKa2 was
generated by mutation of nucleotides that encode for
the last 84 amino acids of HKa2. This modification re-
sulted in the addition of nonrelevant amino acids to the
carboxy-terminus of HKa2 (see Table 1) that might con-
ceivably inactivate HKa2. A second modification, which
occurred with the creation of HKa2, involved complete
loss of the 3′-end noncoding region of HKa2, which could
compromise the stability of HKa2 mRNA. If the sec-
ond hypothesis was correct, we reasoned that creation
of SPHKa2 mutation should reestablish function as ev-
idenced by transport of 86Rb+. To test for both possi-
bilities, we transiently transfected HEK-293 cells with
either HKa2 plus b1, SPHKa2 plus b1 or HKa2 plus
b1. 86Rb+-uptake experiments were performed 3 days
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Fig. 5. Mutation of the carboxy-terminus of colonic H+,K+-ATPase
a-subunit (HKa2) does not impair transcription or translation in an
eukaryotic expression system (rabbit reticulocyte lysate). The pro-
teins were synthesized in presence of [35S]-methionine, separated on a
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The gel was stained, distained, dried, and exposed at room
temperature overnight. The experiment was repeated three times with
similar results.
later (Fig. 6) in the presence of 10 lmol/L ouabain to
block endogenous Na+,K+-ATPase in HEK-293 (open
bars) or with 2 mM ouabain (closed bars). These data
demonstrated that neither SPHKa2/b1 nor HKa2/b1
were able to support 86Rb+ uptake. Therefore, the ob-
served loss of activity with generation of the mutation,
HKa2, could not be explained by addition of a nonrel-
evant amino acids sequence at the carboxy-terminus of
HKa2 or by modification of the nucleotide sequence of
the 3′-end nonencoding region of HKa2. In this regard it
should be noted that HKa2 and SPHKa2 have an iden-
tical nucleotide sequence except for two nucleotides that
transpose S955 (TCC) to a stop codon (TAA). The data
in Figures 2 and 6 indicate that the carboxy-terminus re-
quired for functionality is specific and can not be deleted
or replaced by a nonrelevant sequence.
HKa2 assembles with a fully glycosylated
b1-Na+,K+-ATPase
The results of the previous experiments demonstrated
that the abundance of HKa2 protein is significantly
greater in cells co-transfected with HKa2/b1 than in cells
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Fig. 6. 86Rb+-uptake for an 84 amino acid carvoxy-terminus mutation
from colonic H+,K+-ATPase a-subunit (∆HKa2) was not restored by
addition of the 3′-end nonencoding region of HKa2 or removal of the
non relevant amino acids at the carboxy-terminus of ∆HKa2. S995 was
mutated to one stop codon as described in the Methods section to cre-
ate SPHKa2. The remainder of the sequence was identical to HKa2.
Symbols are () 86Rb+-uptake in the presence of 10 lmol/L ouabain
to block endogenous Na+,K+-ATPase of HEK-293 cells. () 86Rb+-
uptake in presence of 2 mmol/L ouabain. The data displayed represent
mean values ± SEM. The experiment was repeated three times with
similar results.
cotransfected with HKa2/b1. One possible explana-
tion for this difference is that HKa2 does not assem-
ble (or does not assemble properly) with b1-Na+,K+-
ATPase. To study this possibility, the c-myc epitope was
added to the amino-terminus of HKa2 (c-myc-HKa2)
or to the amino-terminus of HKa2 (c-myc-HKa2).
HEK-293 cells were transiently cotransfected with c-
myc-HKa2 plus b1 or c-myc-HKa2 plus b1. Three days
later the cells were lysed, the a/b complex was extracted
with 1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), and immunoprecipitated
with the monoclonal antibody 9E10. The monoclonal an-
tibody was then precipitated with agarose A/G PLUS
(catalog number sc-2003; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The resin was washed six times
with 1 mL buffer (10 mmol/L Tris HCl, 150 mmol/L
NaCl, 1 mmol/L PMSF, 3 mmol/L benzamidine, 10 lg/mL
soybean trypsin inhibitor and 1% CHAPS), and the
coimmunoprecipitated protein was deglycosylated with
β1-Na+,K+-ATPase
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Fig. 7. Immunoblot analysis demonstrates that c-myc-colonic H+,K+-
ATPase a-subunit (HKa2) coimmunoprecipitates with a fully glyco-
sylated b1-Na
+,K+-ATPase. Immunoblot (top panel) demonstrated
that c-myc-HKa2 was expressed more abundantly than c-myc-an 84
amino acid carboxy-terminus mutation from HKa2 (HKa2) when
co-expressed with b1-Na
+,K+-ATPase. As expected, neither c-myc-
HKa2 nor HKa2 changed mobility on the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) when treated with
glycosidase F or Endo H and, in agreement with Figure 4, the abundance
of c-myc-HKa2 protein acceded the abundance of HKa2 protein.
The immunoblot (bottom panel) demonstrated that rat b1-Na
+,K+-
ATPase was detected in the coimmunoprecipitated protein by the
polyclonal anti-b1-Na
+,K+-ATPase antibody only if the protein was
deglycosylated with glycosidase F (lane 2), but not with Endo H
(lane 3), demonstrating that c-myc-HKa2 assembles with a fully glyco-
sylated b1-Na
+,K+-ATPase. Note that a small quantity of b1-Na+,K+-
ATPase was detected when cells were cotransfected with HKa2 plus
b1 after immunoprecipitated proteins were deglycosylated with glycosi-
dase F. The results are displayed in the inset in the lower-right side of
the figure.
glycosidase F (catalog number P0704S; New England
Biolabs, Beverly, MA, USA) or Endo H (catalog num-
ber P0702S; New England Biolabs). The proteins were
dissolved in Laemmli sample buffer [27], separated on
a 10% SDS-PAGE and transferred to a nitrocellulose
membrane. The top of the membrane was probed with
our polyclonal antibody against HKa2 [23] and the bot-
tom was probed with a polyclonal antibody against rat
b1-Na+,K+-ATPase (catalog number 06-170; Upstate
Biotechnology, Upstate, NY, USA). The results of a rep-
resentative experiment are displayed in Figure 7. The
top panel demonstrates that c-myc-HKa2 was expressed
more abundantly than c-myc-HKa2 (data are consistent
1308 Li et al: Carboxy-terminus of HKa2 and b-subunit assembly
with results in Fig. 4) and the protein is not sensitive to
glycosidase F or Endo H, as expected. The bottom panel
(lane 1) demonstrates that when cells were cotransfected
with c-myc-HKa2 plus b1-Na+,K+-ATPase, b1-Na+,K+-
ATPase was not detected if the b-subunit was not
deglycosylated. This observation is consistent with
previous results from our laboratory showing that
the rat b1-Na+,K+-ATPase is not detected by our
anti-b1-Na+,K+-ATPase polyclonal antibody in coim-
munoprecipitation assays performed from membranes
isolated from renal medulla or distal colon until b1-
Na+,K+-ATPase is deglycosylated [7]. The bottom panel
(lane 2) demonstrates that b1-Na+,K+-ATPase was de-
tected when c-myc-HKa2/b1-Na+,K+-ATPase complex
was deglycosylated with glycosidase F. A band was not
detected when c-myc-HKa2/b1 was deglycosylated with
Endo H (lane 3). These data demonstrate that the as-
sembly of b1-Na+,K+-ATPase with full length HKa2
supported progression to full glycosylation of the b sub-
unit. b1-Na+,K+-ATPase was slightly detected when the
cells were cotransfected with c-myc-HKa2/b1-Na+,K+-
ATPase and the coimmunoprecipitated b1-subunit was
deglycosylated with glycosidase F (see Fig. 7, inset).
Dissimilar cellular localization of HKa2/b1, ∆HKa2/b1,
and SPHKa2/b1
Two different approaches were used to define intra-
cellular localization of HKa2/b1 and HKa2/b1. In the
first approach we used the method of Tamarappoo and
Verkman [25]. With this technique, isolation of the HKa2/
b1-Na+,K+-ATPase complex in the low sucrose concen-
tration fraction was taken as evidence that the protein
migrated to the plasma membrane. In contrast, isolation
in the high sucrose concentration fraction at the bot-
tom of the tube was taken to signify that the protein
remained in intracellular compartments. The results of
a representative experiment are displayed in Figure 8.
The immunoblot analysis performed from the different
fractions of the sucrose gradient demonstrated that most
of the HKa2/b1-Na+,K+-ATPase protein migrated to the
top of the sucrose gradient (lighter sucrose concentra-
tion) consistent with migration to the plasma membrane.
In contrast, the majority of the HKa2 protein migrated
to the fraction near the bottom of the sucrose gradient
(higher sucrose concentration) consistent with localiza-
tion to the endoplasmic reticulum [25]. The results dis-
played in Figure 8 are also consistent with the results
displayed in Figure 2, and together support the view that
only HKa2/b1-Na+,K+-ATPase, supports 86Rb+ uptake,
and is translocated to the plasma membrane. The bot-
tom panel of Figure 8 demonstrates that SPHKa2/b1 did
not migrate to the top of the sucrose gradient, a finding
internally consistent with the independent observation
displayed in Figure 6 that function was absent and the
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Fig. 8. Results from sucrose density gradient showed that the colonic
H+,K+-ATPase a-subunit and b-subunit (HKa2/b1) complex migrated
to the lighter fraction while an 84 amino acid carboxy-terminus muta-
tion from HKa2 (∆HKa2/b1) or SPHKa2/b1 remained in the heavier
fractions of the gradient. HKa2/b1 (top panel) migrated to the top of
the sucrose gradient, a finding compatible with migration to the plasma
membrane in HEK-293 cells. HKa2/b1 complex (middle panel) re-
mained in the fraction with high sucrose concentration suggesting that
the protein remained in the endoplasmatic reticulum. SPHKa2/b1 com-
plex (bottom panel) remained in the high sucrose fraction suggesting
that the protein remained confined to the endoplasmatic reticulum.
Fifty micrograms protein of each fraction was applied to each lane of
the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and assayed for the presence of HKa2 in an immunoblot analysis
using our polyclonal antibody against HKa2 [23]. The experiment was
repeated twice with similar results.
observation that HKa2 did not migrate to the plasma
membrane.
Fluorescence microscopy of HEK-293 cells cotransfected
with different subunits
The second approach used to define intracellular lo-
calization of HKa2/b1 and HKa2/b1 were performed
using fluorescence microscopy. Fluorescence microscopy
(Fig. 9) was performed in cells cotransfected with EGFP-
HKa2 plus b1 (first row) and EGFP-HKa2 plus b1 (sec-
ond row). In cells cotransfected with EGFP-HKa2 plus
b1, the majority of the protein appeared in the plasma
membrane (indicated by arrows). However when the cells
were cotransfected with EGFP-HKa2 plus b1, the pro-
tein accumulated in intracellular compartments and was
not detected in the plasma membrane. This observation is
in agreement with the data shown above that mutation of
the carboxy-terminus was associated with loss of function
and remained in the high sucrose fraction.
DISCUSSION
The findings of the present study reveal that the abun-
dance of HKa2 and HKa2 mRNA was similar when
Li et al: Carboxy-terminus of HKa2 and b-subunit assembly 1309
HKα2/β1
∆HKα2/β1
Fig. 9. Fluorescence microscopy of HEK-293 cells transiently trans-
fected with different subunits demonstrate that the colonic H+,K+-
ATPase a-subunit and b-subunit (HKa2/b1) complex localized to the
plasma membrane while an 84 amino acid carboxy-terminus mutation
from HKa2 (∆HKa2/b1) was confined to intracellular compartments:
HEK-293 cells were transiently transfected with HKa2 with green fluo-
rescent protein cloned in frame at the amino-terminus of HKa2 (EGFP-
HKa2) plus b1 (first row) or EGFP-HKa2 plus b1 (bottom row). The
experiments were performed as described above and were repeated
three times. In the bottom row, in HEK-293 cotransfected with HKa2
plus b1 (both in pcDNA) the intensity of the green color was enhanced
with Adobe Photoshop to visualize the presence of EGFP-HKa2 pro-
tein. This observation is consistent with the data presented in Figure 4.
cells were cotransfected with b1-Na+,K+-ATPase. How-
ever, HKa2 protein was detected at higher abundance
compared to HKa2 protein when cotransfected with
b1-Na+,K+-ATPase. Moreover, mutation of the last 84
amino acids at the carboxy-terminus of HKa2 resulted
in a functionally inactive subunit. In keeping with this
finding, sucrose gradients and fluorescence microscopy
demonstrated that HKa2 translocated successfully from
intracellular compartments and was targeted to the
plasma membrane. In sharp distinction, however,HKa2
remained confined to intracellular compartments. These
data underscore a central role for the carboxy-terminus
of HKa2 in the assembly and biologic function of a/b as-
sembly by preventing formation of aberrant complexes.
Furthermore, our data suggest that the carboxy-
terminus of HKa2 contains a motif that is required for
the proper folding of the a/b complex. Alternatively,
the carboxy-terminus could be critical for binding of
HKa2 to a “molecular facilitator” that is responsible for
proper folding of the HKa2/b complex. The possibility
that molecular facilitators participate in modulation of
activity of the a-subunit is supported by recent data by
Hales et al [28]. These investigators demonstrated that
the function of Rab11a, a membrane-associated protein
involved in the plasma membrane recycling system, is de-
pendent upon a compendium of protein effectors. More-
over, it appears likely that HKa1 may interact with the
Rab11a complex. In support of this view, preliminary
studies [abstract; Pagel P, J Am Soc Nephrol 12:59A,
2001] suggested that the a-subunit of Na+,K+-ATPase
assembles with an array of proteins, including Snapin-
associated protein (SNAPAP), protein phosphatase 2,
“rat LIN-10 homologue,” paraaminohippuric acid (PAH)
transporter, CD81, and metallothionein. In addition to
the potential facilitator proteins mentioned above, it is
possible that the carboxy-terminus of HKa2 interacts
with chemical chaperons that facilitate the proper fold-
ing of the HKa2/b complex. Tamarappoo and Verkman
[25] demonstrated that mutated aquaporin-2 that does
not leave the endoplasmic reticulum is degraded rapidly.
Chemical chaperons prevent the protein from degrada-
tion by facilitation of proper folding, allowing the protein
to be glycosylated properly, and successful translocation
from the Golgi to the plasma membrane where function is
established. Using a yeast two-hybrid system and recom-
binant proteins synthesized in rabbit reticulocyte lysate,
our laboratory observed recently in preliminary studies,
that the carboxy-terminus of HKa2 was associated with
the tetraspanin protein CD63. However, this same corre-
lation was unique for HKa2 and was specifically not ob-
served for the carboxy-terminus of a1-Na+,K+-ATPase
by our laboratory [abstract; Codina J, J Am Soc Nephrol
13:269A, 2002]. This finding supports the view that unique
chaperon proteins may bind to distinct a-subunits of the
X+,K+-ATPase and impart distinctive properties.
Meneton et al [16] created a null mutant mouse model
lacking HKa2 by disrupting exon 20 of HKa2. Homozy-
gous HKa2 knockout mice displayed a marked reduc-
tion in distal colon K+ absorption during chronic dietary
potassium depletion compared to wild-type mice. This
finding indicates that the mutation was responsible for
the development of severe total body potassium deple-
tion through the inability to adapt to chronic hypokalemia
by increasing K+ absorption in kidney and colon. How-
ever, in this model the disrupted gene does not result in
expression of the truncated protein as detectable by im-
munoblot [29] (and unpublished observations of our lab-
oratory). Nevertheless, the findings in the present study
suggest that if a small quantity of truncated protein was
expressed in this knockout model, it would be highly un-
likely that the HKa2/b1 complex could migrate success-
fully to the apical membrane.
CONCLUSION
The findings of the present study represent the first
demonstration that the carboxy-terminus of HKa2 con-
tains a domain that is required to influence the biologic ac-
tivity of the a/b heterodimer. Accordingly, these studies
provide evidence that the carboxy-terminus of HKa2 is vi-
tal for a/b complex translocation to the cell surface where
it participates in K+ transport. In contrast, the carboxy-
terminus mutation, HKa2, is not protected efficiently
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by b1-Na+,K+-ATPase, is retained in the endoplasmic
reticulum and fails to function, as evidenced by marked
decline in 86Rb+-uptake and cell surface localization.
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